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ABSTRACT
This paper presents measurements of the efficiency of NASA’s 2nd magnetic gear prototype. A detailed discussion of
the test rig used to make these measurements was presented, including a thorough uncertainty analysis. The reported
uncertainties are 95% confidence intervals that include the effects of temperature and parasitic loads. The prototype’s
response was measured at output speeds between 124 rpm and 744 rpm for a controlled output torque of 10 Nm (8%
of the prototype’s maximum torque). After correcting for tare losses, the prototype’s efficiency was found to decrease
from 90.0% to 83.0% as speed increased. If the efficiency is extrapolated to a typical operating condition (85% of
maximum torque) using the good assumption that energy loss is approximately independent of the transmitted torque,
the expected efficiency would be 99.0% to 98.4%, which exceeds the state of the art for these speeds.

INTRODUCTION

Gearing is critically important for the drivetrains of conven-
tional vertical lift aircraft, because it provides a mechanical
advantage. This advantage enables high speed, relatively low
torque gas turbine engines to drive large rotors that demand
low speed, high torque excitations. Most future electrified air-
craft will also benefit from using gearing, either for the afore-
mentioned reason or for improving the overall efficiency of
drivetrains composed of electric-motor-driven rotors. Large
fans that slowly rotate at higher torque more efficiently pro-
duce thrust (Refs. 1, 2), but electric motors are most efficient
when they spin fast and produce lower torque (Refs. 2–4).
Even electrified aircraft that employ many smaller rotors spin-
ning at moderate speeds (about 2,000 rpm to 8,000 rpm) can
be better optimized in terms of mass and efficiency by using
gearing; high speed motors are often most efficient at speeds
of 10,000 rpm to 20,000+ rpm and fast motors also tend to be
smaller, which reduces the motor’s impact on airflow behind
the rotor.

Mechanical gearing can satisfy the gearing needs of fu-
ture electrified aircraft by providing a mature technology
with high to very high efficiency (99% to >99.5% per gear
stage (Refs. 5,6)) and specific torque (torque/mass). However,
their performance comes at the expense of lubrication require-
ments as well as routine and costly maintenance to monitor
and prevent contact-related tooth wear and crack initiation.
Due to their relatively short missions (Ref. 7) and need to tra-
verse a more crowded and urban airspace, which will lead to
more frequent use of maneuvers and hover, the time between
gearbox maintenance will likely be shorter for urban air mo-
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bility aircraft compared to conventional rotorcraft. For many
electrified aircraft, particularly ones that utilize several elec-
tric motors, these penalties will likely outweigh the benefits of
using gearing. As a result, these aircraft will use a less optimal
solution – a direct drive configuration (e.g., motors directly
connected to the rotors and rotating at the same speed).

Magnetic gearing is a developing technology that provides a
gear ratio without using physical contact to transmit torque
between gears. Accordingly, magnetic gears enable the opti-
mization of electrified aircraft drivetrains without the penal-
ties associated with physical contact in mechanical gears.
However, magnetic gearing has a low technology readiness
level for aeronautics applications. Prior work by the authors
has demonstrated that it is feasible for concentric magnetic
gearing to match the specific torque of aerospace-grade me-
chanical gearing (Refs. 8,9). Additional research is needed to
evaluate and demonstrate the capability of the technology to
simultaneously achieve the high efficiency and high specific
torque that is required for aeronautics applications. To help
address that need, this paper presents measurements of the
efficiency of a concentric magnetic gear prototype that has
state-of-the-art specific torque (NASA’s 2nd magnetic gear
prototype, named PT-2). These measurements will serve as
a baseline for future prototypes that are specifically designed
to achieve both high specific torque and high efficiency.

To date, at least sixteen papers have reported an efficiency
measurement of a concentric magnetic gear (Ref. 10). All but
one of those prototypes were tested at low output speeds (be-
low 200 rpm) and the outlier was only tested up to a moder-
ate output speed (905 rpm). Additionally, many references
don’t contain any information on the test rig, its measure-
ment hardware, or data processing; of the references that do
mention some of these topics, none provide a detailed discus-
sion. These details become particularly important when test-
ing magnetic gears that can operate at high speeds with high
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efficiency, such as NASA’s PT-2 tested herein.

This paper presents initial measurements of the efficiency of
PT-2, which was designed for optimal specific torque at a
given radius. First, a thorough description of the test rig and
the measurement uncertainty is presented. Then, the data pro-
cessing is explained. Finally, the measurements are presented
and discussed.

E-DRIVES RIG

This section describes the test rig at the NASA Glenn Re-
search Center – the E-Drives Rig – that was used to experi-
mentally study the efficiency of PT-2. First, an overview of
the test rig and its specifications is presented. Then, an uncer-
tainty analysis of the rig’s measurements is discussed. A more
detailed description of the rig is provided in a previous publi-
cation (Ref. 9). This paper presents a summarized description
along with a considerably updated uncertainty analysis.

Overview and Specifications

The E-Drives Rig was designed to study the components of an
electrified drivetrain, including co-axial magnetic gears and
electric motors. It is a 30 kW (40.2 hp) rotating system driven
by an induction motor and loaded by an eddy current dy-
namometer. Figure 1 shows an image of the test rig with PT-2
installed. The E-Drives Rig was designed to provide three
specialized features: very high precision, dynamic measure-
ment, and adaptability.

The primary performance metric of interest is the efficiency
of the test article, which in some cases is expected to ap-
proach 99.8% for relevant operating conditions. To properly
evaluate such test articles, the measurements need to be pre-
cise enough to permit an efficiency uncertainty below±0.2%.
The E-Drives Rig uses the most precise torque transducers
comercially available to directly determine the mechanical ef-
ficiency of a gearbox. The following section demonstrates that
this enables the desired precision.

Another intended use of the test rig is to study the vibration
and transient response of electrified drivetrain components.
This is achieved through hardware selection and structural de-
sign. The selected measurement hardware provides a band-
width of 6 kHz. Couplings and shafts were selected or de-
signed to be as lightweight and stiff as possible. The cou-
plings were also chosen to eliminate backlash and minimize
the reaction forces on the drivetrain due to misalignment. Ad-
ditionally, the components are installed on a vibration isola-
tion table to reduce extraneous vibration. This table’s fine bolt
pattern also provides adaptability so that a wide range of test
articles can be evaluated.

The primary specifications of the E-Drives Rig are given in
Table 1. The specifications labeled input and output denote
the minimum capability of all the components on the input
and output sides, respectively, of the gearbox under test.

Table 1: Key specifications of NASA’s E-Drives Rig when
studying gearboxes.

Test
article

Max. OD, cm (in) 35.6 (14)
Max. axial length, cm (in) 30.5 (12)

Input
Max. contin. torque, Nm (ft-lb) 12 (8.9)

Max. speed, rpm 22,000
Max. contin. power, kW (hp) 30 (40.2)

Output
Max. contin. torque, Nm (ft-lb) 100 (73.7)

Max. speed, rpm 15,000a

Max. contin. power, kW (hp) 30 (40.2)
Measurement bandwidth, kHz 6

aWith minor balancing.

Uncertainty Analysis

A rigorous uncertainty analysis was conducted for the E-
Drives Rig to provide support for the experimental observa-
tions and satisfy the need for reliable data to validate effi-
ciency models of magnetic gears. The uncertainties are de-
rived in the Appendix, which also contains a complete list of
the error specifications for the torque transducers used in the
E-Drives Rig. In this section, the uncertainty analysis method
is summarized and a characterization of the E-Drives Rig’s
uncertainty is presented.

The derived uncertainties are confidence intervals, meaning
that the uncertainties reported here are valid for a selected
percentage of all of the transducers produced by the manu-
facturer. The analysis in this work uses a confidence level
of 95%, which is standard practice for uncertainty analy-
sis (Ref. 11). The E-Drives Rig uses torque transducers that
provide torque, speed, and power measurements. The un-
certainty of each of these quantities is only governed by the
transducer’s resolution and instrument error for that output
quantity. The uncertainty of these outputs is calculated ac-
cording to the manufacturer’s guidelines except for a small
modification that allows for the inclusion of the resolution er-
ror. The modification leads to small, but essentially negligible
increases in uncertainty.

The uncertainty of the measured torques in the E-Drives Rig is
a function of only the torque magnitude and the transducer’s
temperature relative to the temperature at which it was cal-
ibrated, assuming that parasitic loads are negligible. Fig-
ure 2 depicts the torque uncertainty for both of the rig’s torque
transducers, which have a 100 Nm (73.7 ft-lb) rating. The un-
certainty increases as the transducer shifts away from the cal-
ibration temperature. At the calibration temperature, the un-
certainty varies from less than ±0.012% to about ±0.019%.
The torque uncertainty should stay below ±0.03% for most
tests, because the transducers are separated from the primary
heat source (the magnetic gear under test) and there is a con-
siderable amount of thermal mass and surface area to absorb
and dissipate the low to moderate heat produced by the rig’s
high speed bearings. The jumps in uncertainty result from the
transducers’ linearity and hysteresis error, which is specified
by a smaller limit when the torque is kept either below 20%
or below 60% of the transducer’s rated torque during a test.
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Fig. 1: E-Drives Rig at the NASA Glenn Research Center shown with NASA’s 2nd magnetic gear prototype installed.
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Fig. 2: Torque uncertainty (in units of Nm or % of full scale)
of both of the E-Drives Rig’s torque transducers measured
from the CAN bus output, assuming negligible parasitic loads
(Cload = 0); Trated = 100 Nm, Trange = 100 Nm.

The key performance metric that is considered in this work is
the efficiency of the magnetic gear. The efficiency is a cal-
culated quantity that, due to error propagation, has a higher
uncertainty than the measured quantities with which it is cal-
culated. The effect of the error propagation depends on the
operating condition. Consequently, the uncertainty of the cal-
culated efficiency is dependent on the gear ratio and output
speed and torque of the gear being tested. Also, the uncer-
tainty in efficiency varies more throughout the rig’s operating
space than the uncertainty in quantities that are directly mea-
sured.

When the input and output power are calculated from the mea-
sure torque and speed signals, error propagation also impacts
the power uncertainties. The uncertainty in the input and out-
put power are shown in Fig. 3. For these quantities, the un-
certainty depends on the speed and torque at either the input
and output side of the magnetic gear. Thus, the depicted un-
certainty of the input power depends on the gear ratio of the
magnetic gear under test, because the results are shown for a
consistent region of the operating space. For each of the pow-

ers, two different uncertainties are given: one for when the
power is calculated from the measured torque and speed and
another for when the power is directly measured. The power
uncertainty is typically smaller for the directly measured pow-
ers, but the uncertainty in the calculated power is lower when
the speed and torque are low.

The efficiency uncertainty for testing the prototypes consid-
ered in this paper is presented in Fig. 4. At low speeds and,
in one of the cases, at low torques, the uncertainty can ex-
ceed ±0.5%. However, over most of the operating space, the
efficiency can be calculated to within±0.2% with a 95% con-
fidence level. This is important for verifying that a high effi-
ciency magnetic gear actually achieves its performance target.

For all of the results shown in this paper, the uncertainty anal-
ysis described above and in the Appendix is used to overlay
a 95% confidence interval on top of each data point.

MEASUREMENTS

The rig’s two torque transducers are separated from one an-
other by not only the test article, but also two bearing hous-
ings, a flexible coupling, a rigid coupling, and two shaft
clamps. This decision was made due to constraints on where
the test rig’s torque transducers can be located and a desire to
isolate them from the test article (for thermal, vibration, and
safety reasons). Consequently, the power loss and efficiency
calculated from the measurements include bearing losses and
the windage loss associated with those rotating components.

To account for this, the tare losses were directly measured
when a simple straight shaft was installed in place of a test
article. In this operating condition, the input and output sides
of the rig rotate at the same speed and, thus, contribute essen-
tially equally to the total measured power loss. When testing
a gearbox, there is a potentially large difference between the
rig’s losses on its input and output sides due to the potentially
large difference in speed. To account for this discrepancy, it
was assumed that the input and output sides contribute equally
to the measured tare loss. This is considered a good assump-
tion, because bearing losses dominate the tare loss and the
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Fig. 3: Uncertainty (in units of W) in the input power ((a),(b)) and output power ((c),(d)) for testing a magnetic gear with
gear ratio of 4.83 in the E-Drives Rig, when the power is (a),(c) calculated from measured torque and speed CAN bus signals
or (b),(d) directly measured; assuming negligible parasitic loads (Cload = 0) and a conservative estimate of the transducer’s
temperature during testing (10 ◦C above calibration temperature); Trated = 100 Nm, Trange = 100 Nm.

only asymmetry in the test rig is the very small difference in
windage losses between the flexible coupling (on the input
side) and the rigid coupling (on the output side). With this
assumption, the tare loss on the input and output sides of the
E-Drives Rig can be quantified as a function of speed so that
the total tare loss during a magnetic gear test can be calculated
from the input and output speeds. The measured tare losses
are shown in Fig. 5. The tare loss is well fit by a power law,
which was used to calculate the tare loss that occurred during
a magnetic gear test. To gain more confidence in the tare loss
calculation (i.e., reduce uncertainty), the tare loss can be mea-
sured again in the future at a higher load torque and using the
power output from the torque transducers.

NASA’s 2nd magnetic gear prototype

Although PT-2 was designed to achieve a high specific torque
rather than a high efficiency, the intention of this test was to
evaluate the efficiency of the prototype over a subset of its op-

erating space to compare to the existing state of the art and to
establish a baseline for future prototypes that implement fea-
tures for improving efficiency. A limited amount of testing of
this prototype was completed before testing had to be stopped
due to damage to the modulator, which is the rotor contain-
ing soft magnetic materials that allow the sun and ring gears’
magnet arrays to interact. The damage, which is discussed in
detail elsewhere (Ref. 12), resulted from a flaw in the modu-
lator’s fabrication that allowed some of the pole piece lamina-
tions to be pulled out of the modulator.
The prototype’s response was measured at output speeds be-
tween 124 rpm and 744 rpm for a controlled output torque
of 10 Nm (7.38 ft-lb). Figure 6 presents the average effi-
ciency of the prototype after correcting the data by subtracting
the tare loss. The measured efficiency decreases from 90.0%
to 83.0% as the speed increases. For comparison, the inef-
ficiency due to the tare loss increased from 1.25% to 1.55%
over the same span. Thus, small errors in the quantification
of the tare loss would have a negligible effect. The output
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Fig. 4: Uncertainty in the efficiency (in units of %) for testing a magnetic gear with gear ratio of 4.83 in the E-Drives Rig,
for power (a) calculated from measured torque and speed CAN bus signals and (b) directly measured; assuming negligible
parasitic loads (Cload = 0) and a conservative estimate of the transducer’s temperature during testing (10 ◦C above calibration
temperature); Trated = 100 Nm, Trange = 100 Nm.
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Fig. 5: Tare loss in the E-Drives Rig when a simple straight
shaft was installed in place of a test article, for a load torque
of 5 Nm (3.69 ft-lb); calculated from measured torques and
speeds; 95% confidence intervals depicted.

torque during this test is only 8% of the prototype’s pullout
torque (124 Nm (91.5 ft-lb)). It has been demonstrated that
the energy loss in a concentric magnetic gear is approximately
independent of the transmitted torque (Refs. 13–15); as a re-
sult, the efficiency of a concentric magnetic gear increases
monotonically with the output torque (and thus the transmit-
ted power). Consequently, the measured efficiency can be ex-
trapolated to determine the approximate efficiency at a higher
torque. It is common to define the rated torque of a magnetic
gear as 85% of the pullout torque. Figure 6 also depicts the
extrapolated average efficiency of the prototype at 85% of the
pullout torque. In that operating condition, the expected effi-
ciency is 99.0% to 98.4%. This efficiency exceeds the state of
the art over this speed range.
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Fig. 6: Corrected average efficiency of NASA’s 2nd magnetic
gear prototype, measured at 8% of the prototype’s maximum
output torque and extrapolated to 85% of its maximum out-
put torque by assuming that the losses are torque indepen-
dent; 95% confidence intervals depicted.

CONCLUSIONS

This paper presented initial measurements of the efficiency of
NASA’s 2nd magnetic gear prototype (PT-2). A detailed dis-
cussion of the test rig’s design and capabilities was presented.
Testing is conducted on the E-Drives Rig, which was recently
commissioned at the NASA Glenn Research Center. To ad-
dress the need for high precision data for model validation
and to enable reliable measurement of very high efficiencies,
a thorough uncertainty analysis was conducted. The reported
uncertainties are 95% confidence intervals that include the ef-
fects of temperature and parasitic loads. The uncertainty anal-
ysis indicates that in the E-Drives Rig torque can be measured
to better than ±0.02% uncertainty if the torque transducers’
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temperature is tightly controlled and to better than ±0.03%
uncertainty for most tests that don’t have temperature control.
Using a conservative estimate for the transducers’ temperature
rise experienced in this experiment, the mechanical efficiency
of the test gearbox can be calculated to within ±0.2% over
most of the operating space and to within ±0.05% at higher
speeds. However, the efficiency data reported in this paper
has an uncertainty that varies from ±2% to about ±0.25%,
because the measurements were obtained at low torque and
low to moderate speeds.

A discussion was presented of post processing the data to cor-
rect for the rig’s tare losses that are generated in the rig’s
bearings (due to friction) and on the rig’s rotating compo-
nents (due to windage). The tare loss was measured at low
torque and a range of speeds after the test article was replaced
by a simple straight shaft. While testing PT-2, an existing
flaw in the modulator was damaged further, causing a pre-
mature stop to testing. The response was measured at output
speeds between 124 rpm and 744 rpm for a controlled out-
put torque of 10 Nm. The inefficiency due to the tare loss
ranged from 1.25% to 1.55%, which is small compared to the
corrected efficiency of PT-2 (90.0% to 83.0% over the same
span). Thus, small errors that may have occurred in quanti-
fying the tare loss would have a negligible effect on the cor-
rected efficiency. In absolute terms, the measured efficiency
is low. However, it was achieved at torque that is only 8% of
the prototype’s maximum (124 Nm). If the efficiency is ex-
trapolated to a typical operating condition (85% of maximum
torque) using the good assumption that energy loss is approx-
imately independent of the transmitted torque, the expected
efficiency would be 99.0% to 98.4%. This efficiency exceeds
the state of the art over this speed range.

Author contact:
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Cameron zachary.a.cameron@nasa.gov; Thomas F. Tallerico
thomas.tallerico@nasa.gov.

APPENDIX

This section contains the derivations for the uncertainty
analysis that was conducted for the measurements obtained
from NASA’s E-Drives Rig. The uncertainty analysis is used
to quantify the precision of the reported performance metrics.

Torque-based measurements (e.g., torque ripple) are
governed only by the uncertainty of the torque transducers.
However, mechanical efficiency is a calculated quantity that
has a higher uncertainty due to error propagation. The
uncertainty of the calculated efficiency Uη is quantified using
the standard formula for the propagation of error (Ref. 11),

Uη =±

 N

∑
g=1

({
∂η

∂ zg
Uzg

}∣∣∣∣
zg=z̄g

)2
1/2

, (1)

where N is the number of measured quantities on which the
calculated mechanical efficiency η depends and Uzg is the

uncertainty in the measured quantity zg. In Eq. 1, the partial
derivative and the uncertainty Uzg are evaluated at the
operating point z̄g. The mechanical efficiency is calculated as

η =
Po

Pi
=

Toωo

Tiωi
, (2)

where Po and Pi represent the output and input mechanical
power, respectively, To and Ti denote the output and input
torque, respectively, and ωo and ωi denote the output and
input speed (in units of rad/s), respectively. The torque
transducers installed in the E-Drives Rig provide
measurements of not only the torque and speed but also the
power. Inserting the first half of Eq. 2 into Eq. 1 one gets the
efficiency uncertainty when the efficiency is calculated from
the measured input and output mechanical power,

Uη =±

[(
1
P̄i

UPo |Po=P̄o

)2

+

(
P̄o

P̄2
i

UPi

∣∣
Pi=P̄i

)2
]1/2

, (3)

where UPo and UPo respectively are the uncertainty in the
measured output and input power.

If instead the efficiency is calculated from the measured
torques and speeds, the efficiency uncertainty is determined
from the insertion of the second half of Eq. 2 into Eq. 1,

Uη =±

[(
ω̄o

T̄iω̄i
UTo |To=T̄o

)2

+

(
T̄o

T̄iω̄i
Uωo |ωo=ω̄o

)2

+

(
T̄oω̄o

T̄ 2
i ω̄i

UTi

∣∣
Ti=T̄i

)2

+

(
T̄oω̄o

T̄iω̄
2
i

Uωi

∣∣
ωi=ω̄i

)2
]1/2

. (4)

Equation 4 can be simplified by using the gear ratio GR of
the magnetic gear, which relates the input and output
quantities according to

GR =
ωi

ωo
=

To

Ti
. (5)

Simplification of Eq. 4 using Eq. 5 gives

Uη =±

[(
UTo |To=T̄o

T̄o

)2

+

(
Uωo |ωo=ω̄o

ω̄o

)2

+

(
UTi

∣∣
Ti=T̄i

T̄i

)2

+

(
Uωi

∣∣
ωi=ω̄i

ω̄i

)2
1/2

. (6)

As expected, an increased uncertainty in any of the measured
quantities increases the uncertainty in the calculated
efficiency.

The uncertainty of the torque transducer’s torque, speed, and
power outputs are required to evaluate the efficiency
uncertainties. The torque transducer’s measurement
uncertainties are calculated from the manufacturer’s
specifications according to a modified form of the design
stage uncertainty U defined by Figliola and
Beasley (Ref. 11),

U = k
[
u2

0 +uc
2]1/2

, (7)
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Table 2: Elemental measurement errors and resolution of the torque transducers used in the E-Drives Rig (Refs. 16, 17).

Measured quantity
Torque

(CAN bus)
Torque

(frequency)
Speed Power

Sensitivity tolerancea,b - ±0.01% ·Tmax - ±0.01% ·Prated
Linearity + hysteresis, for a
max. torque in range:c

0 to 0.2 ·Trated ±0.003% ·2Trated - ±0.02 ·ω/ωrated
> 0.2 ·Trated to 0.6 ·Trated ±0.005% ·2Trated - ±0.02 ·ω/ωrated

> 0.6 ·Trated to Trated ±0.007% ·2Trated - ±0.02 ·ω/ωrated
Temperature effect on outputd ±0.02% ·Tmax · (∆Θ/10 K) - ±0.05% ·ω/ωrated · (∆Θ/10 K)
Temperature effect on zero ±0.005% ·Trated · (∆Θ/10 K) - -
Repeatabilitye ±0.005% ·Trange - -
Effect of parasitic loadsf ±0.2% ·Trated ·Cload - ±0.2% ·Prated ·Cload
Resolution - ±0.0008% ·Trated 0.1 rpm 1 W
Instrument error - - ±0.00015% ·ωrated -

aThe reported values assume that the transducer’s sensitivity is calibrated to an accuracy of <±0.01% of Trated.
bTmax is the absolute value of the maximum torque observed in a given test. Prated is the rated power of the given torque
transducer (i.e., Trated ·ωrated)
cTrated and ωrated are the rated torque and speed (in units of rad/s), respectively, of the given torque transducer. In the E-Drives
Rig, the torque transducer on the input (motor) side of the rig has ratings of 100 Nm and 22,000 rpm, whereas the torque
transducer on the output (dynamometer) side of the rig has ratings of 100 Nm and 15,000 rpm.
d∆Θ is the maximum deviation of the torque transducer’s temperature from the reference temperature.
eTrange is the full span of the torque observed in a given test.
fCload is the combined ratio of the parasitic loads to the maximum allowable parasitic loads (i.e., Cload = (static axial force)/5 kN
+ (dynamic axial force)/2.5 kN + (static lateral force)/1 kN + (dynamic lateral force)/0.5 kN + (static bending moment)/50 Nm
+ (dynamic bending moment)/25 Nm).

where u0 is the transducer’s resolution error, which equals
±0.5 · resolution, uc is the transducer’s instrument error, and
k is the coverage factor. The coverage factor specifies the
confidence interval for the reported uncertainty (i.e., it
defines the percentage of transducers whose actual
uncertainty falls within the reported uncertainty). The
coverage factor is essentially the number of standard
deviations covered by the reported uncertainty. Here, a
confidence level of 95% (coverage factor of 1.96) is used,
which is standard practice (Ref. 11). The modifications are
taken from the manufacturer’s guidelines for uncertainty
calculation. The instrument error depends on the transducer’s
elemental errors ui according to

uc =

[
M

∑
i=1

(diui)
2

]1/2

. (8)

In Eq. 8, di is the distribution factor for the respective
elemental error. The distribution factor converts the
elemental error into a standard deviation. For error
specifications that are valid for every transducer
manufactured, the actual error of an individual transducer
falls within a rectangular probability distribution with bounds
given by the error specification; in this case, the distribution
factor is 1/

√
3 (≈ 0.58). For error specifications that are

typical values, and individual transducer’s actual error falls
within a normal probability distribution with standard
deviation equal to the specification; in this case, the

distribution factor is 1. For the torque transducers used in the
E-Drives Rig, only the specified repeatability error is a
typical value. It should be noted that the manufacturer’s
calculations of the torque transducer’s uncertainty don’t
consider the resolution error (i.e., they assume U = uc).
However, the resolution errors of the torque transducers used
in the E-Drives Rig are very small; thus, they have a
negligible effect on the design stage uncertainty (i.e.,
U ≈ uc). The elemental errors and resolution of the torque
transducers used in the E-Drives Rig are summarized in
Table 2.
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